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Parasitic crosstalk in superconducting quantum devices is a leading limitation for quantum gates.
We demonstrate the suppression of static ZZ crosstalk in a two-qubit, two-coupler superconducting
circuit, where the frequency of a tunable coupler can be adjusted such that the ZZ interaction
from each coupler destructively interfere. We verify the crosstalk elimination with simultaneous
randomized benchmarking, and use a parametrically activated iSWAP interaction to achieve a Bell
state preparation fidelity of 98.5% and a
√
iSWAP gate fidelity of 94.8% obtained via quantum
process tomography.
PACS numbers: 03.67.Lx, 42.50.Dv, 85.25.Cp
Circuit quantum electrodynamics (cQED) [1], which
uses superconducting circuits as its building blocks, has
become a promising candidate and testbed for imple-
menting quantum computation. Remarkable research
progress has been made in integrating more qubits, res-
onators and other circuit elements in order to build in-
creasingly computationally powerful devices [2, 3]. As
the number of circuit elements and control signals scales
up in a cQED device, undesirable responses to external
controls and unwanted interactions between subsystems
lead to crosstalk that must be carefully calibrated and
eliminated to ensure optimal device performance [4, 5].
The trade-off between strong qubit-qubit interaction (for
fast gates) and low crosstalk poses constraints on the de-
vice design and pulse schemes [6, 7].
In a cQED system where multiple transmon qubits [8]
are coupled via bus cavities [9], the couplings between
their higher energy levels give rise to cross-Kerr inter-
actions that can be described by ζa†iaia
†
jaj [10], where
a (a†) is the annihilation (creation) operator for the qubit
modes, and ζ corresponds to the frequency shift of qubit
i depending on the state of qubit j (and vice versa).
This type of static ZZ crosstalk causes dephasing in the
qubits and degrades device performance if ζ is compara-
ble to the qubit decoherence rate. In particular, it limits
the fidelity of XX -type parity measurements in several
quantum error correction schemes [11] and the lifetime
of logical qubits containing XX -type stabilizers [4]. The-
oretical and experimental studies have shown that ZZ
crosstalk has become the limiting factor for gate fidelity
as qubit coherence times keep improving in state-of-the-
art devices [12].
In this work, we utilize quantum interference in a tun-
able coupling device to demonstrate the suppression of
static ZZ crosstalk. By introducing a tunable coupler
in addition to the bus cavity, shown schematically in
Fig. 1(a), ζ can be tuned to zero and that an efficient
two-qubit gate can be implemented with ζ = 0. Nulling
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of the always-on ZZ interaction is verified by simulta-
neous randomized benchmarking (RB). Parametrically
activated entangling gates, which have been widely em-
ployed in superconducting circuits [13–18], can be easily
implemented in this architecture. While modulating the
coupler frequency at the ζ = 0 point, we characterize
the gate fidelity with quantum process tomography and
prepare a Bell state with a concurrence of C = 0.99.
The device, shown in Fig. 1(b), consists of two com-
putational qubits (Q1, Q2) coupled via a tunable coupler
(C−) and a bus cavity (C+). The Hamiltonian for the
device is
H/~ =
∑
i=1,2,±
(
ωia
†
iai −
αi
2
a†ia
†
iaiai
)
+
∑
i=1,2
j=±
gij(a
†
iaj + aia
†
j),
(1)
where the subscripts 1, 2,−,+ correspond to the afore-
mentioned elements, ωi and αi are their frequencies and
anharmonicities, and the gij are the coupling rates be-
tween them. In our particular implementation, α+ = 0
for the bus cavity. In this Letter, we present data
measured on two separate devices. In device A (B),
the qubits are fixed-frequency transmons with ω1/2pi =
4.973 (6.143) GHz and ω2/2pi = 5.163 (6.421) GHz, the
bus cavity has a resonance frequency of ω+/2pi =7.036
(7.073) GHz, and a maximum tunable coupler frequnecy
ωmax− /2pi = 7.180 (7.191). ω− can be tuned via an on-
chip bias line which changes the flux through the coupler
SQUID loop. The device parameters were obtained by
fitting the two-tone spectroscopy measurements with the
eigenenergies obtained from Eqn. (1), the details of which
can be found in the supplementary materials [19].
Both devices are operated in the dispersive regime,
where |ωi − ωj |  gij , to minimize population leakage
into the tunable coupler during gate operations and de-
coherence induced by flux noise in the coupler qubit [13].
In this regime, ζ can be calculated using fourth-order
perturbation theory [20], and the analysis shows that the
necessary criterion for zero ζ and high qubit-qubit cou-
pling strength is that the bus cavity (tunable coupler) be
above (below) both qubits in frequency and one qubit be
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FIG. 1. Tunable coupling device for suppression of ZZ crosstalk. (a) Conceptual schematic – we utilize quantum interference
between two couplers to achieve zero ZZ crosstalk. The device consists of two qubits (Q1, Q2) coupled via a bus cavity (C+)
and a tunable coupler (C−). In order to achieve zero ZZ crosstalk and large coupling between the qubits, it is important to
have the two qubits in the straddling regime and dispersively coupled to the two couplers [19]. (b) Device A micrograph – the
two qubits are fixed frequency transmons with separate readout resonators (R1 and R2). A λ/2 coplanar waveguide resonator
is used as the bus cavity. The tunable coupler consists of a SQUID loop capacitively coupled to each of the two qubits, and its
frequency is set by the current through the on-chip bias line (depicted in the rightmost panel).
in the straddling regime of the other, i.e.
ω− < ω1,2 < ω+, |ω1 − ω2| < α1,2. (2)
Tunability of ζ is realized by adjusting the frequency of
the tunable coupler, ω−. Zero ζ can be achieved when
there is a destructive interference between ZZ interac-
tions caused by the bus cavity and the tunable coupler.
The frequency shift of qubit 1 when the state of qubit 2
changes from ground to excited corresponds to the quan-
tity ζ = ω|11〉 − ω|10〉 − ω|01〉, which represents the ZZ
coupling strength between the two qubits. ζ is mea-
sured via a cross-Ramsey measurement which involves
measuring the qubit frequency with a Ramsey experi-
ment while initializing the other qubit in either its ground
or excited state [see inset of Fig. 2(a) for the pulse se-
quence]. The dependence of ζ on the coupler frequency
ω−(Φ) is mapped out in Fig. 2 via cross-Ramsey mea-
surements on qubit 1. Based on the criterion in Eqn. (2),
we tune the frequency of the coupler qubit to be below
those of both qubits and observe that ζ crosses zero at
(ω− − ω1)/2pi = −1.47 (−0.84) GHz and −0.75 (−0.53)
GHz for device A (B). We note that having two points
for which ζ = 0 is not universal, and depending on the
device parameters (i.e. ωj and gij) there can also be one
or zero solutions.
To further characterize the effect of ζ on qubit
crosstalk, we utilize the simultaneous RB protocol, where
the difference in gate fidelity between individual (FI) and
simultaneous (FS) RB provides a figure of merit for ad-
dressability and crosstalk [6]. The pulses used for single-
qubit gates have Gaussian envelopes truncated at 4σ in
total, with σ = 6.4 ns. Derivative removal via adiabatic
gate (DRAG) [21, 22] is used for pulse correction reduc-
ing phase error and leakage to higher transmon levels. As
shown in Fig. 3, the average gate fidelity, obtained from
an exponential fit, for individual RB is FI > 99.8 % for
the primary gate set {I, X±pi/2, Y±pi/2, Xpi, Ypi} for both
qubits, which is consistent with the coherence-limited fi-
delity of 99.81 % estimated from the device A parameters
of T1 = [15.2 µs, 12.1 µs] and T2 = [4.2 µs, 4.0 µs]. The
individual RB fidelity is not affected by the magnitude
of ζ whereas the gate fidelity from simultaneous RB de-
creases with increasing ζ. When ζ/2pi = 0, FI − FS is
less than 0.01 %, indicating that crosstalk is suppressed
to a level below the gate error for this device. By con-
trast, when ζ/2pi = 2.26 MHz the gate error increases
by an order of magnitude, and ZZ crosstalk becomes the
dominant source of gate error. We find good agreement
between these results and numerical calculation using a
Kraus map model for RB [12, 23].
After characterizing single qubit gates, we now exhibit
two-qubit entangling interactions to establish a universal
quantum gate set in this architecture. We present the
two-qubit gate results from device B, which has improved
coherence times (T2 = [22.5 µs, 9.3 µs]) over device A,
due to its larger EJ/EC ratio (53 compared to 20). The
two-qubit gate is implemented using parametric modula-
tion of the tunable coupler [13, 24]. When the magnetic
flux threading the SQUID loop of the tunable coupler is
modulated around Φ = Θ at frequency ωΦ = ω2 − ω1,
phase φ and amplitude δ, i.e. Φ(t) = Θ + δ cos(ωΦt+ φ),
the effective exchange coupling between the two qubits
in their rotating frame is
Hint/~ =
δ
2
∂J
∂Φ
(
a†1a2e
−iφ + a1a
†
2e
iφ
)
, (3)
where
J =
∑
j=±
g1jg2j
2
(
1
ω1 − ωj +
1
ω2 − ωj
)
(4)
is the effective exchange interaction mediated by the cou-
plers. The parametric modulation brings the computa-
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FIG. 2. ZZ interaction strength, ζ, as a function of the tun-
able coupler detuning from Q1 for device A (top) and device
B (bottom). Both devices are in the straddling regime and
have two zero ZZ points. The value of ζ (blue points) is ob-
tained by cross-Ramsey calibration, where the frequency of
Q1 is measured with and without a pi pulse to Q2 at the start
of the experiment (illustrated in panel (a) inset). The red
line is the theoretical result from fourth-order perturbation
theory using the fitted parameters [19]. The error bars corre-
spond to the fitting error of the Ramsey data. The strength
of ζ changes more rapidly away from the null point in device
B due to the smaller detuning between the fixed coupler and
the qubits.
tional qubits effectively into resonance and can be used
to implement an iSWAP gate. Importantly, the effective
coupling strength depends on the derivative of J with re-
spect to Φ, and in this device, despite small ζ, δ · ∂J/∂Φ
can be tuned from zero to a few MHz for moderate modu-
lation amplitude δ. An efficient two-qubit gate can there-
fore be implemented while ZZ crosstalk is suppressed.
We implement the following pulse scheme – (i) initial-
ize in the computational state |10〉 by applying a Xpi
gate on Q1, (ii) apply flux modulation drive to the cou-
pler for varying durations, (iii) measurement of the qubit
populations. The modulation frequency is fixed at the
detuning of the two qubits (i.e. ωΦ = ω˜2− ω˜1, where ω˜1,2
are the qubit frequencies in the presence of flux modu-
lation). The DC flux bias Θ is chosen such that ζ = 0
FIG. 3. Qubit crosstalk characterization of device A. Indi-
vidual and simultaneous RB are performed on Q1 and Q2,
when the tunable coupler is tuned to give (a) large and (b)
small |ζ|. Red and magenta curves correspond to the individ-
ual RB measurements and exhibit a primary gate fidelity of
FI > 99.8 % irrespective of the magnitude of ζ. The blue and
green curves represent the simultaneous RB measurements
which demonstrate strong dependence of the primary gate fi-
delity FS on the ZZ crosstalk. For small ζ, the difference
FI − FS is within 0.01 %, while for large ζ, the difference is
more than 1.15 %.
based on ZZ calibration and simultaneous RB charac-
terization. The result is shown in Fig. 4(a), where flux
modulation for a duration of 190 ns leads to maximum
population exchange between states |10〉 and |01〉.
To perform an entangling gate between the two qubits,
we utilize a
√
iSWAP gate, where the flux modula-
tion is turned on for 95 ns. For this modulation time,
the two-qubit system forms the maximally entangled
1/
√
2 (|10〉+ i|01〉) state (up to a single qubit phase ro-
tation of Zpi/12 on Q2 acquired when the modulation
drive is turned on). We perform quantum state to-
mography of the prepared state, shown in Fig. 4(b),
and obtain a raw state fidelity of 98.5%. Measurement
noise and imperfect readout fidelity can lead to an un-
physical density matrix. Therefore, we calculate the
nearest positive semi-definite density matrix with unit
trace, ρp, by minimizing its Hilbert-Schmidt distance, ie.
D(ρp, ρm) = Tr(ρp − ρm)2 [25], with the measured den-
sity matrix, ρm, resulting in a fitted state fidelity of 99.4%
with a concurrence of 99% and D(ρp, ρm) = 0.004.
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FIG. 4. Parametric flux modulation performed on device B. (a) The population of the four two-qubit basis states, |00〉, |01〉, |10〉,
and |11〉 (black, red, green, and blue respectively), for a magnetic flux modulation frequency ωΦ/2pi = (ω˜2−ω˜1)/2pi = 275 MHz.
Maximum population exchange between Q1 and Q2 is achieved when the modulation duration is 190 ns. (b) The expectation
values of the Pauli set of two-qubit operators plotted for a modulation time of 95 ns. The single (blue bars) and two-qubit
(red bars) correlators are shown along with the theoretically expected values (black bounding boxes). (c) Experimental and (d)
Theoretical Pauli transfer matrices for the
√
iSWAP gate for the 16 different input states and output states . The theoretical
process tomography results include an additional Zpi/12 gate on Q2 to account for the single qubit phase accumulated during
the flux modulation pulse.
We perform quantum process tomography [26] by im-
plementing the
√
iSWAP on 16 independent two qubit
input states and construct the Pauli transfer matix, R,
which is shown in Fig. 4(c,d). The gate fidelity can
be determined from the R map through the expression
Fg = (Tr[R†idRexp] + 2n)/(4n2 + 2n) where Rid andRexp are the ideal and experimental R maps and n is
the number of qubits [27]. We extract a gate fidelity of
Fg(raw) = 96.3% and Fg(fit) = 94.8% with a nonphysi-
cal error of γnp = 0.5||Rraw −Rfit||2/(2n) = 0.055. The
gate fidelity is close to the coherence limit of 98.4%. This
discrepancy in the fidelity is attributed to state prepara-
tion and measurement (SPAM) errors, and to population
leakage out of the computational subspace, as previously
reported [13, 24].
In conclusion, we have demonstrated a way to achieve
zero ZZ crosstalk by utilizing quantum interference in a
tunable coupler device. This device allows us to operate
in an optimal configuration to suppress qubit crosstalk,
and the tunable ZZ interaction strength provides a useful
tool to study the impact of crosstalk in cQED systems.√
iSWAP gate was performed while maintaining zero ZZ
crosstalk. This architecture paves the way for crosstalk
free multiqubit quantum processors. As the parameter
regime for achieving zero ZZ is similar to that of a cross-
resonance gate [28, 29], implementing this form of two
qubit gate is a natural extension of this device architec-
ture.
We note that a recent theoretical architecture similar
to our work has been independently proposed in [30] for
achieving zero qubit-qubit dipole coupling through quan-
tum interference.
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I. DEVICE PARAMETERS
The coupler frequency in a full flux quantum is measured using two-tone spectroscopy and the bus cavity frequency
is measured by monitoring the ac Stark shift of either qubit while sweeping the frequency of a cavity populating tone.
The coupling parameters are obtained by fitting the spectroscopy data in each device, as shown in figure S1.
TABLE S1. Tunable ζ device parameters.
Parameter Symbol Dev. A Dev. B
Qubit 1 frequency ω1/2pi 4.973 GHz 6.143 GHz
Qubit 1 anharmonicity α1/2pi 400 MHz 330 MHz
Qubit 1 relaxation time T
(1)
1 15.2 µs 12.5 µs
Qubit 1 coherence time T
(1)
2E 4.2 µs 22.5 µs
Qubit 2 frequency ω2/2pi 5.163 GHz 6.421 GHz
Qubit 2 anharmonicity α2/2pi 400 MHz 330 MHz
Qubit 2 relaxation time T
(2)
1 12.1 µs 7.0 µs
Qubit 2 coherence time T
(2)
2E 4.0 µs 9.3 µs
Bus cavity frequency ω+/2pi 7.036 GHz 7.073 GHz
Maximum coupler frequency ωmax− /2pi 7.18 GHz 7.19 GHz
Coupler anharmonicity α−/2pi 750 MHz 290 MHz
(Qubit 1, bus cavity) coupling g1+/2pi 135 MHz 102 MHz
(Qubit 2, bus cavity) coupling g2+/2pi 135 MHz 102 MHz
(Qubit 1, coupler) coupling g1−/2pi 95 MHz 85 MHz
(Qubit 2, coupler) coupling g2−/2pi 95 MHz 85 MHz
∗ These authors contributed equally to this work.
† aahouck@princeton.edu
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FIG. S1. Two-tone spectroscopy data for devices A (left) and B (right). The combined phase response for each readout
resonator plotted as a function of the spectroscopic tone frequency and flux through the tunable coupler. The red dashed lines
are a found by numerical diagonalization of Equation S5. Black dashed lines indicate bare qubit and coupler frequencies.
II. RB SIMULATIONS
For the simulation of RB sequences, we follow the protocol used in [S1]. For ease of reading, we describe the protocol
here using the same notation as that used in [S1]. The accrued error is measured by tracking the density matrix as
we go through the sequence of gates after starting in the ground state. For each gate in the RB sequence, we first
apply an ideal gate unitary transformation, followed by a ZZ unitary transformation and a density matrix map to
account for decoherence. The maps used are
Λgate[ρ] = Ug · ρ · U†g , (S1)
ΛZZ [ρ] = UZZ · ρ · U†ZZ , (S2)
ΛT1,T2 [ρ] =
1− e−t/T2
2
Z · ρ ·Z + 1 + e
−t/T2
2
ρ+ (1− e−t/T1)|0〉〈1| · ρ · |1〉〈0| − (1− e−t/T1)|1〉〈1| · ρ · |1〉〈1|, (S3)
where Z is the Pauli-Z operator.
The update to the density matrix after each gate can be expressed as follows
ρt+1 = ΛT1,T2,Q1 ◦ ΛT1,T2,Q2 ◦ ΛZZ ◦ Λgate,Q1 ◦ Λgate,Q2[ρt]. (S4)
The gate duration used for simulation is 22 ns and the coherence values used are for device A, T1 = [15.2 µs, 12.1 µs]
and T2 = [4.2 µs, 4 µs]. The measured fidelity matches with the simulation results.
III. ζ CALCULATION
We start from the Hamiltonian in Eqn.(1) in the main text,
H = H0 + V
=
∑
i=1,2,±
h¯
(
ωia
†
iai −
αi
2
a†ia
†
iaiai
)
+
∑
i=1,2
j=±
h¯gij(a
†
iaj + aia
†
j). (S5)
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FIG. S2. Kraus map model based simulation of simultaneous randomized benchmarking schemes gives fidelity of FS = 99.8 %
for ζ = 0 and FS = 98.5 % for ζ = 2pi × 2.26 MHz. This matches well with the experimental results shown in the main text.
and denote the eigenstates and eigenfrequencies by |n1n2n+n−〉 and ωn1n2n+n− . The detunings ∆ij are the differences
between unperturbed, single-excitation energy levels, e.g., ∆1+ = ω
(0)
1000 − ω(0)0010, etc. The ZZ coupling rate ζ between
qubit 1 and 2 (assuming the couplers are in their ground states) is given by
ζ = ω1100 − ω1000 − ω0100 (ω0000 = 0 for all orders). (S6)
We use fourth order perturbation theory outlined in [S2], and the expression for ζ is
ζ = ω
(4)
1100 − ω(4)1000 − ω(4)0100
=
2g21+g
2
2+
∆1+ + ∆2+ + α+
(
1
∆1+
+
1
∆2+
)2
+
2g21−g
2
2−
∆1− + ∆2− + α−
(
1
∆1−
+
1
∆2−
)2
+
(
g1+g2+
∆1+
+
g1−g2−
∆1−
)2(
2
∆12 + α2
− 1
∆12
)
+
(
g1+g2+
∆2+
+
g1−g2−
∆2−
)2(
2
∆21 + α1
− 1
∆21
)
+
[
g1+g2−
(
1
∆1+
+
1
∆2−
)
+ g1−g2+
(
1
∆1−
+
1
∆2+
)]2
1
∆1+ + ∆2−
−
(
g21+
∆21+
+
g21−
∆21−
)(
g22+
∆2+
+
g22−
∆2−
)
−
(
g22+
∆22+
+
g22−
∆22−
)(
g21+
∆1+
+
g21−
∆1−
)
.
(S7)
To show the possibility of zero ZZ interaction, we calculate ζ for different parameter configurations using Eqns. (S7)
and (S6), and the results are shown in the Fig. S3. The parameter configurations for each plot are listed in Table S2.
From Fig. S3 we find that there are several configurations that result in zero ζ. We choose the configuration in
(b) because the two qubits are close to each other in frequency and have stronger interaction strength compared to
(a), which can potentially lead to fast two qubit gates in addition to zero ζ. In configuration (c) zero ζ happens at
relatively small detuning ∆−2/2pi = 634 MHz, which increases the susceptibility of the qubits to flux noise in the
coupler.
IV. READOUT CALIBRATION
For the data presented in Fig. 4 of the main text, we perform single shot readout of the two qubits. Following the
method detailed in [S3], we calibrate the readout for each qubit individually, and the two qubits simultaneously. For
each qubit, we prepare the states |0〉 and |1〉 and measure the result to obtain the single qubit readout matrix
Ci =
(
1− |0〉err |1〉err
|0〉err 1− |1〉err
)
, for i = 1, 2 (S8)
4TABLE S2. Parameter configurations for ZZ coupling rate calculation in Fig. S3.
Figure Configuration Parameters (2pi·MHz)
(a) Qubits far apart, α1 = α2 = 350, α− = 750,
one coupler in between. ∆12 = 1500, g1− = g2− = 140.
(b) Qubits in straddling regime, α1 = α2 = 350, α− = 750, α+ = 0,
one coupler above, ∆12 = 250, ∆+2 = 1800,
one coupler below. g1+ = g2+ = 160, g1− = g2− = 140.
(c) Qubits in straddling regime, α1 = α2 = 350, α+ = 750,
one coupler above. ∆12 = 250, g1+ = g2+ = 120.
(d) Qubits out of straddling regime, α1 = α2 = 350, α− = 750, α+ = 0,
one coupler above, ∆12 = 450, ∆+2 = 1800,
one coupler below. g1+ = g2+ = 160, g1− = g2− = 140.
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FIG. S3. ZZ coupling rate calculated from perturbation theory (blue) and numerical diagonalization (red). (a) Qubit frequencies
are far apart with one coupler in between. (b) Qubits are in straddling regime, with one coupler above and one below the
qubits in frequency. (c) The qubits are in straddling regime with one coupler above the qubit frequencies. (d) Qubits are out
of straddling regime with one coupler above and one coupler below the qubits in frequency. The parameters used for each
configuration are listed in Table S2.
where |0〉err and |1〉err are the readout error for the states |0〉 and |1〉 respectively. This process is repeated for the four
two qubit states, |00〉,|01〉,|10〉, and |11〉 to obtain the two qubit “crosstalk” readout matrix, CCT . The final readout
correction matrix is obtained by taking the product of the crosstalk matrix with the tensor product of the individual
qubit readout matrices, CCT · (C1 ⊗ C2) . The raw data is corrected by multiplying the measured state vector by the
inverse of the readout correction matrix.
5V. SIMULATION OF iSWAP FIDELITY VS TEMPERATURE
Here, we comment on the potential effects of coupler temperature on the two-qubit gate fidelity. From second
order perturbation theory, we have the following effective iSWAP coupling strengths for different states of the tunable
coupler –
(Tunable coupler population = 0)
J0 =
1
2
[
g1+g2+
(
1
∆1+
+
1
∆2+
)
+ g1−g2−
(
1
∆1−
+
1
∆2−
)]
,
∂J0/∂Φ =
1
2
[
g1−g2−
(
1
∆21−
+
1
∆22−
)]
∂ω−/∂Φ. (S9)
(Tunable coupler population = 1)
J1 =
1
2
[
g1+g2+
(
1
∆1+
+
1
∆2+
)
+ 2g1−g2−
(
1
∆1− + α−
+
1
∆2− + α−
)
− g1−g2−
(
1
∆1−
+
1
∆2−
)]
,
∂J1/∂Φ =
1
2
[
2g1−g2−
(
1
(∆1− + α−)2
+
1
(∆2− + α−)2
)
− g1−g2−
(
1
∆21−
+
1
∆22−
)]
∂ω−/∂Φ. (S10)
As seen from the last two terms in Eqn. (S10), the effective iSWAP strength is decreased for excited coupler
due to destructive intereference. For our device A (B) parameters, we have
∣∣∣∂J0/∂Φ∂J1/∂Φ ∣∣∣ = 3.2 (6.1). Note that the
resonance condition for an iSWAP gate is independent of the coupler population. Since we calibrate the duration of
flux modulation to get an
√
iSWAP gate for the coupler in ground state, we model the unitary for the excited coupler
as a partial
√
iSWAP gate. In the simulation of
√
iSWAP gate fidelity (for a 95 ns long gate) with finite temperature,
we use the following map
ΛFM[ρ] = (1− p) U√iSWAP · ρ · U†√iSWAP + p UFM,1 · ρ · U
†
FM,1, (S11)
where p is the thermal population in the tunable coupler and UFM,1 is the effective unitary due to flux modulation
with the coupler excited,
UFM,1 = U
1/α√
iSWAP
,
where α for device A (B) is 3 (6). The
√
iSWAP unitary is given by
U√iSWAP =

1 0 0 0
0 1/
√
2 i/
√
2 0
0 i/
√
2 1/
√
2 0
0 0 0 1
 .
The update to the density matrix due to the flux modulation for an
√
iSWAP gate can be expressed as follows
ρf = ΛT1,T2,Q1 ◦ ΛT1,T2,Q2 ◦ ΛFM[ρ0]. (S12)
We average the fidelity obtained by flux modulation over 16 different density matrices which form a good basis for
two qubit process tomography [S4].
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FIG. S4.
√
iSWAP fidelity for device A (left) and device B (right). The expected temperature dependent fidelity is higher
in device B for all temperatures as ω− for the ζ = 0 points occur at higher frequency compared to device A. Device B was
measured in a different measurement setup with additional cold attenuation on the cavity and coupler lines, as well as the
addition of a K & L 12 GHz low-pass filter.
